The first successful attempts of X-ray beam focusing were associated with the achievements in producing smooth surfaces of a required shape. This led to the development of grazing incidence X-ray optics [1] [2] [3] .
However, strong aberrations brought about by grazing incidence confined the resolving power to several microns. The progress of microfabrication technology during the past decade initiated a new stage in the development of X-ray optics, namely, plane optics on the basis of Fresnel zone plates [4, 5, 6] . At present, the minimum dimensions of zones of such plates reach -50 nm [7] . This resolution is apparently close to the ultimate one, since in the X-ray , wave length range the plane optics approximation is not quite correct, especially for phase elements. In the nanometric wavelength band refractive index differs from unit by 10-2 -10-3. The thickness t of the material required to change the transmitted radiation phase by 7r rad increases up to several microns. As a result, X-ray optical elements become three-dimensional, hence, the plane optics approximation is inapplicable for the nanometric wavelenth band. New possibilities of wave front formation should be considered taking into account the threedimensional diffraction phenomena. Fabrication of multilayer X-ray mirrors was a considerable step forward. The recent progress in their production enabled mirror optics aberrations to be appreciably decreased owing to approximation of incidence angles to a normal one [8] .
All the achievements in the production of smooth surfaces, multilayer interference coatings and structures with submicron element dimensions allow for switching over to a new stage of X-ray optics development, namely, fabrication of volume optical elements with three-dimensional Fresnel zone structures. Bragg-Fresnel optics elements permit bringing the practical limit of resolution closer to the diffraction limit, -À. should be taken into consideration (see Fig. 3 , dashed line). Thus, in optical elements fabrication the three-dimensional diffraction phenomena should be taken into account for the short wavelength radiation. The highest resolution attainable is restricted by the plane optics approximation. Using tabulated values of atomic scattering factors f = f + i f2 [9] , refractive index can be written as 1-0394n, where here Na is atom density, re is the electron radius, and À is wavelength. The thickness of the material tir necessary for changing the transmitted radiation phase by 03C0 equals tir = À /2 8 . Let radiation scatter with an angle of ç rad (~ ~ 1 ), the phase difference of the waves scattered by entrance and exit surfaces of the element being equal to 03C0 03BB t~2 (see Fig. 3 Hence, for wavelengths with t 0 3 C 0 0 3 B B &#x3E; 1, ais decreases proportionally with decreasing À, amin = ~/03BB remaining constant. This suggests that for these wavelengths the effects of three-dimensional diffraction are a factor that should be taken into account when producing optical elements in this wavelength range. For opaque modulation zones tir = t * is determined by the maximum thickness of the layer with a contrast that is sufficient to reach a reasonable diffraction efficiency t * 03B2/03BB ~ 1. Figure 4 shows a typical dependence a.in (À ). The scope of application of plane optics approximation is bounded by the highest resolution ao 30-50 nm attainable for various elements. To achieve a high resolution, it is necessary to change over from plane to three-dimensional Fresnel zones [10] . In this case, resolution is bounded by the technological limit of the fabrication of the Fresnel structure final zone, -15-30 nm. Using curved (for instance, spherical) substrates or small angles of incidence on flat substrates, the resolution of X-ray optics elements can be increased by projecting the focal spot on the optical axis of the system. Multilayer interference X-ray mirrors offer possibilities for fabrication of three-dimensional high resolution optical elements in the nanometric wavelength band (0.5-10 nm). Thus, Barbee and Underwood [11] have designed an X-ray microscope in accordance with the Kirkpatrick-Baez scheme, using multilayer coating to increase the reflection efficiency and radiation incidence angles. Though, when approaching normal incidence aberrations decrease, the need for a precise aligment of two spherical (cylinder) mirror does not enable resolution to be achieved.
The single-mirror scheme has also been studied by Barbee and Underwood [12] [14, 15] . A similar instrument for wavelengths of about 20 nm has been developed by Haelbich of the Hamburg University [16] .
The scheme at normal incidence can develop a high resolution, but a certain deviation from the normal incidence angle is required for separating the incident and the reflected beams. For a spherical substrate, it causes aberrations which do not permit bringing resolution to the diffraction limit. Geometrical aberrations can be taken into account and eliminated by forming a structure with a prearranged shape along multilayer coating surface. Using Bragg reflection from a multilayer mirror, one can modulate the exit wave in order to achieve radiation focusing diffraction correction of aberrations.
Principles of Three-Dimensional Bragg-Fresnel Optics.
A perfect Brag-Fresnel lens is a three-dimensional system of isophase surfaces rotational ellipsoides reflecting a spherical wave from point A, to point A2 (Fig. 5) (Fig. 6) . The first is hard X-ray diffraction ( 0.5 nm) on crystals. In this case the extinction depth is usually much greater than the first Fresnel zone and permits fabricating a volume Fresnel structure. The second is soft X-ray diffraction (0.5 nm 03BB 10 nm) on multilayer interference mirrors [20] . As a result of high absorption and a great reflection coefficient from each layer, the number of reflecting plates is small (N ~ 100 ~ the number of plates in the first Fresnel zone). Here, modulation along the surface is required. These optical elements are very similar to thick holograms of the visible wavelength range where the number of reflecting plates is also small.
It is of interest that Fresnel zones can be straightened out within a wide aperture at the cost of fabrication of multilayer mirror nonperiodic layers. This phenomenon significantly simplifies the fabrication of an optical element since there is no need to fabricate a complex bending zone. Figure 6 shows a Fresnel zone structure for a symmetrical case R, = R2 on periodic layer and the shape of the same structure on nonperiodic layers (Fig. 7) . This effect was first described by Shulakov and Aristov [21] . Let us analyse the shape of the zone structure for section in the plate z = 0 (Fig. 6) . The path difference between the point at the origin of coordinates and an arbitrary point (x, y) which appears in Fresnel integral equals where xi y, are the coordinates of the source point, X2 Y2 are the coordinates of the image point By expanding the expression under the integral sign of Fresnel integral into a series (x, y ~ R1 and R2) and performing appropriate transformation we obtain According to Meier [22] the first term in the square brackets corresponds to astigmatism, the second to koma and the third to spherical aberration. The curvatures of the field and distortion are taken into account in the first two terms in the brace brackets, since the expansion into a series was performed in terms of R1 and R2 rather than R'1 = Ri sin 03B8 and R'2 = R2 sin 03B8, where (J is the angle of incidence and reflection (the Bragg angle). The term corresponding to spherical aberration can be neglected. Since [24, 25] . Figure 9 shows the ellipsoidal zone plate made from multilayer mirror by electron-beam lithography and, ion-beam etching. Volume diffraction of X-ray radiation gives a possibility not only to perform beam focusing but also to modulate it with space and time. For example, interaction between an X-ray wave and a surface -acoustic wave propagating along a multilayer structure permits obtaining rather strong diffraction reflex. Spatial position of this reflex depends on the frequency of an acoustic wave. Figure 10 shows intensity distribution in the far field of diffraction during reflection from a multilayer mirror modulated by the surface acoustic wave [26] . At the amplitude of a surface deformation of 0.4 nm the efficiency of a diffraction order on the wavelength 0.196 nm was -10 %. 
Conclusion.
The achievements in microstructure fabrication technology permit the resolution of plane optical elements based on Fresnel zone plates to approach a theoretical resolution limit caused by the effects of volume diffraction. The latest advances in multilayer interference structure fabrication, microstructuring technology and in fabrication of smooth surfaces of a given form enable us to reach a wavelength up to 03BB ~ 0.5 nm and to make the theoretical resolution limit closer to the value of a wavelength through designing volume optical elements with allowance made for the effects of three-dimensional diffraction.
The results obtained for X-ray radiation focusing (03BB ~ 0.2 nm ) on a profiled multilayer mirror are expected to ensure progress in the development of X-ray optics. X-Ray optical elements on profiled multilayer mirrors are likely to find increasing application in high resolution image transmission in scanning microscopy and photoelectron spectroscopy. They can also be used as highly efficient focusing monochromators of an X-ray wavelength range.
Small angles of incidence on plane profiled mirrors are most effective for the range of X-ray radiation with a short wavelength (-0.5 nm). Since 
